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GENERATING ANONLINEAR MODEL AND 
GENERATING DRIVE SIGNALS FOR 

SIMULATION TESTING USING THE SAME 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is based on and claims priority of pro 
visional patent applications 60/105,155 filed Oct. 21, 1998, 
and 60/112,266 filed Dec. 15, 1998, the contents of which 
are hereby incorporated by reference in their entirety. 

BACKGROUND OF THE INVENTION 

The present invention relates to computer modeling of a 
System, machine or process. More particularly, the present 
invention relates to generating an improved nonlinear Sys 
tem model, Such as a neural network, as well as using a 
nonlinear System model or the improved nonlinear System 
model to generate drive signals as input to a vibration 
System. 

Vibration Systems that are capable of Simulating loads 
and/or motions applied to test Specimens are generally 
known. Vibration Systems are widely used for performance 
evaluation, durability tests, and various other purposes as 
they are highly effective in the development of products. For 
instance, it is quite common in the development of 
automobiles, motorcycles, or the like, to Subject the vehicle 
or a Substructure thereof to a laboratory environment that 
Simulates operating conditions Such as a road or test track. 
Physical simulation in the laboratory involves a well-known 
method of data acquisition and analysis in order to develop 
drive Signals that can be applied to the vibration System to 
reproduce the operating environment. This method includes 
instrumenting the vehicle with transducers “remote” to the 
physical inputs of the operating environment. Common 
remote transducers include, but are not limited to, Strain 
gauges, accelerometers, and displacement Sensors, which 
implicitly define the operating environment of interest. The 
vehicle is then driven in the same operating environment, 
while remote transducer responses (internal loads and/or 
motions) are recorded. During Simulation with the vehicle 
mounted to the vibration System, actuators of the vibration 
System are driven So as to reproduce the recorded remote 
transducer responses on the vehicle in the laboratory. 

However, before simulated testing can occur, the relation 
ship between the input drive Signals to the vibration System 
and the responses of the remote transducers must be char 
acterized or modeled in the laboratory. This procedure is 
referred to as “system identification” and involves obtaining 
a respective linear model or transfer function of the com 
plete physical System (e.g. vibration System, test specimen, 
and remote transducers) hereinafter referred to as the “physi 
cal System” and calculating an inverse System linear model 
or transfer function of the same. The inverse linear System 
model or transfer function is then used iteratively to obtain 
suitable drive signals for the vibration system to obtain 
Substantially the same response from the remote transducers 
on the test Specimen in the laboratory situation as was found 
in the operating environment. 
AS those skilled in the art would appreciate, this proceSS 

of obtaining Suitable drive signals is not altered when the 
remote transducers are not physically remote from the test 
System inputs (e.g. the case where “remote' transducers are 
the feedback variables, Such as force or motion, of the 
vibration system controller). 

Although the above-described method for modeling and 
obtaining drive signals for a vibration System has enjoyed 
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2 
Substantial Success, there is a continuing need to improve 
Such Systems. In particular, there is a need to improve the 
System model and/or the proceSS for obtaining the drive 
Signals. Current techniques for obtaining the drive signals 
Subject the test Specimen to loads and displacements during 
the iterative process to ascertain the drive Signals. These 
initial loads and displacements can damage the test Speci 
men before the intended testing occurs. Accordingly, a 
method and System that reduces application of “non-testing 
loads and displacements in developing drive signals would 
be desirable. 

SUMMARY OF THE INVENTION 

A method and System for generating an improved non 
linear System model includes generating a linear System 
model and using a response therefrom to generate the 
nonlinear System model. In one embodiment, the method 
includes applying an original System input to the System and 
obtaining a first System output from the System; generating 
a linear System model; applying an alternative input to the 
linear System model and obtaining a linear System output 
from the linear System model; applying the alternative input 
to the System and obtaining a Second System output, and 
generating a nonlinear System model using the alternative 
input, the linear System output from the linear System model 
and the Second output from the System. 
A method and System for generating drive Signals for a 

test System uses the improved nonlinear System model or a 
conventional nonlinear System model. In a first exemplary 
embodiment, the method includes applying a drive signal to 
the System; obtaining a response of the System to the drive 
Signal; generating an inverse nonlinear System model using 
the drive signal and the response; and calculating a final 
drive signal using a Selected response and the inverse 
nonlinear System model. 

In a Second embodiment for generating drive Signals, the 
method includes applying a drive Signal to the System; 
obtaining a response of the System to the drive signal; 
generating a nonlinear System model using the drive signal 
and the response, generating an inverse linear System model; 
calculating a test drive signal using a Selected response and 
the inverse linear System model; applying the test drive 
Signal to the nonlinear System model; obtaining an actual 
response of the nonlinear System model to the test drive 
Signal; calculating an error as a function of the actual 
response and the Selected response; and if the error exceeds 
a Selected threshold, obtaining a new drive signal using the 
linear System model and repeating the above-described Steps 
where the test drive Signal comprises the new drive signal 
until the error is less than or equal to the Selected threshold. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of an exemplary environment 
for practicing the present invention. 

FIG. 2 is a computer for implementing the present inven 
tion. 

FIG. 3A is a flow chart illustrating the steps involved in 
a System identification phase of a prior art method of 
Vibration testing. 

FIG. 3B is a flow chart illustrating the steps involved in 
an iterative phase of a prior art method of vibration testing. 

FIG. 3C is a flow chart illustrating the steps involved in 
another iterative phase of a prior art method of Vibration 
testing. 

FIG. 3D is a flow chart illustrating the steps involved in 
another iterative phase of Vibration testing. 



US 6,285,972 B1 
3 

FIG. 4A is a detailed block diagram of a prior art iterative 
proceSS for obtaining drive Signals for a vibration System. 

FIG. 4B is a detailed block diagram of another prior art 
iterative process for obtaining drive Signals for a vibration 
System. 

FIG. 4C is a detailed block diagram of another iterative 
proceSS for obtaining drive signals for the vibration System. 

FIG. 5 is a block diagram/flow chart of the prior art 
System identification/iterative process for obtaining drive 
Signals for a vibration System. 

FIG. 6 is a block diagram/flow chart of a system 
identification/iterative process for obtaining drive signals for 
a vibration System of the present invention. 

FIG. 7 is a flow chart illustrating the steps involved in a 
System identification phase of an exemplary method for 
obtaining a nonlinear System model. 

FIG. 8A is a detailed block diagram of a first iterative 
proceSS for obtaining drive Signals for a vibration System 
according to the present invention. 

FIG. 8B is a detailed block diagram of a second iterative 
proceSS for obtaining drive signals for a vibration System of 
the present invention. 

FIG. 8C is a detailed block diagram of a third iterative 
proceSS for obtaining drive signals for a vibration System of 
the present invention. 

FIG. 9 is a block diagram/flow chart of a fourth process 
for obtaining drive signals for a vibration System according 
to the present invention. 

FIG. 10 is a portion of a flow chart illustrating a method 
in accordance with FIG, 9. 

FIG. 11 is a block diagram of training a neural network 
Structure for an inverse nonlinear model. 

FIG. 12 is a block diagram of training a neural network 
Structure for a forward nonlinear model. 

FIG. 13 is a flow chart illustrating a method for generating 
an improved nonlinear System model. 

FIG. 14 is a flow chart illustrating a second method for 
generating an improved nonlinear System model. 

DETAILED DESCRIPTION OF THE 
ILLUSTRATIVE EMBODIMENTS 

FIG. 1 illustrates a physical system 10. The physical 
system 10 generally includes a vibration system 13 com 
prising a Servo controller 14 and an actuator 15. In the 
schematic illustration of FIG. 1, the actuator 15 represents 
one or more actuators that are coupled through a Suitable 
mechanical interface 16 to a test specimen 18. The servo 
controller 14 provides an actuator command signal 19 to the 
actuator 15, which in turn, excites the test specimen 18. 
Suitable feedback 15A is provided from the actuator 15 to 
the servo controller 14. One or more remote transducers 20 
on the test Specimen 18, Such as displacement Sensors, Strain 
gauges, accelerometers, or the like, provide a measured or 
actual response 21. A physical System controller 23 receives 
the actual response 21 as feedback to compute a drive 17 as 
input to the physical System 10. In an iterative proceSS 
discussed below, the physical System controller 23 generates 
the drive 17 for the physical system 10 based on the 
comparison of a desired response provided at 22 and the 
actual response 21 of the remote transducer 20 on the test 
specimen 18. Although illustrated in FIG. 1 for the single 
channel case, multiple channel embodiments with response 
21 comprising N response components and the drive 17 
comprising M drive components are typical and considered 
another embodiment of the present invention. 
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Although described herein where the physical System 

comprises the vibration system 13 and remote transducer 20, 
aspects of the present invention described below can be 
applied to other physical Systems. For instance, in a manu 
facturing process, the physical System includes the manu 
facturing machines (e.g. presses, molding apparatus, form 
ing machines, etc.) and the drive 17 provides command 
Signals to Said machines, and the actual response 21 com 
prises manual or automatic measured parameters of the 
manufactured article Such as a critical dimension. Another 
example includes an oil refinery where the physical System 
is the process plant and the actual response 21 comprises 
intermediate or final parameters related to output products. 

FIG. 2 and the related discussion provide a brief, general 
description of a Suitable computing environment in which 
the invention may be implemented. Although not required, 
the physical system controller 23 will be described, at least 
in part, in the general context of computer-executable 
instructions, Such as program modules, being executed by a 
computer 30. Generally, program modules include routine 
programs, objects, components, data structures, etc., which 
perform particular tasks or implement particular abstract 
data types. The program modules are illustrated below using 
block diagrams and flowcharts. Those skilled in the art can 
implement the block diagrams and flowcharts to computer 
executable instructions. Moreover, those skilled in the art 
will appreciate that the invention may be practiced with 
other computer System configurations, including multi 
processor Systems, networked personal computers, mini 
computers, main frame computers, and the like. The inven 
tion may also be practiced in distributed computing envi 
ronments where tasks are performed by remote processing 
devices that are linked through a communications network. 
In a distributed computer environment, program modules 
may be located in both local and remote memory Storage 
devices. 
The computer 30 illustrated in FIG. 2 comprises a con 

ventional personal or desktop computer having a central 
processing unit (CPU) 32, memory 34 and a system bus 36, 
which couples various System components, including the 
memory 34 to the CPU 32. The system bus 36 may be any 
of Several types of bus structures including a memory bus or 
a memory controller, a peripheral bus, and a local bus using 
any of a variety of bus architectures. The memory 34 
includes read only memory (ROM) and random access 
memory (RAM). Abasic input/output (BIOS) containing the 
basic routine that helps to transfer information between 
elements within the computer 30, Such as during Start-up, is 
stored in ROM. Storage devices 38, such as a hard disk, a 
floppy disk drive, an optical disk drive, etc., are coupled to 
the System bus 36 and are used for Storage of programs and 
data. It should be appreciated by those skilled in the art that 
other types of computer readable media that are accessible 
by a computer, Such as magnetic cassettes, flash memory 
cards, digital Video disks, random acceSS memories, read 
only memories, and the like, may also be used as Storage 
devices. Commonly, programs are loaded into memory 34 
from at least one of the storage devices 38 with or without 
accompanying data. 
An input device 40 Such as a keyboard, pointing device 

(mouse), or the like, allows the user to provide commands to 
the computer 30. A monitor 42 or other type of output device 
is further connected to the system bus 36 via a suitable 
interface and provides feedback to the user. The desired 
response 22 can be provided as an input to the computer 30 
through a communications link, Such as a modem, or 
through the removable media of the storage devices 38. The 
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drive signals 17 are provided to the physical system 10 of 
FIG. 1 based on program modules executed by the computer 
30 and through a Suitable interface 44 coupling the computer 
30 to the vibration system 13. The interface 44 also receives 
the actual response 21. 

Before describing the present invention, it may also be 
helpful to review, in detail, a known method for modeling 
the physical system 10 and obtaining the drive 17 to be 
applied thereto. Although described below with respect to a 
test vehicle, it should be understood that this prior art 
method and the present invention discussed below are not 
confined to testing only vehicles, but can be used on other 
types of test Specimens and SubStructures or components 
thereof. In addition, the description is done assuming Spec 
tral analysis based modeling estimation and implementation 
though operations can be carried by Several other linear 
mathematical techniques (e.g. Adaptive Filter Tuning or 
Adaptive Inverse Control (AIC) type models, parametric 
regression techniques Such as Auto Regressive Exogenous 
(ARX) and State Space types of models, or combinations 
thereof). 

Referring to FIG. 3A, at step 52, the test vehicle is 
instrumented with the remote transducers 20. At step 54, the 
vehicle is Subjected to the field operating environment of 
interest and the remote transducer responses are measured 
and recorded. For instance, the vehicle can be driven on a 
road or test track. The measured remote transducer 
responses, typically analog, are Stored in the computer 30 in 
a digital format through analog-to-digital converters, as is 
commonly known. 

Next, in a System identification phase, the input/output 
linear system model of the physical system 10 is determined 
with the vehicle mounted on the laboratory test rig, this 
procedure includes providing drive 17 as an input to the 
physical System 10 and measuring the remote transducer 
response 21 as an output at step 56. The drive 17 used for 
linear model estimation can be random “white noise' having 
frequency components over a Selected bandwidth. At Step 
58, an estimate of the linear model of the physical system 10 
is calculated based on the input drive applied and the remote 
transducer response obtained at Step 56. In one embodiment, 
this is commonly known as the “frequency response func 
tion” (FRF). Mathematically, the FRP is a NxM matrix 
wherein each element is a frequency dependent complex 
variable (gain and phase versus frequency). The columns of 
the matrix correspond to the inputs, while the rows corre 
spond to the outputs. AS appreciated by those skilled in the 
art, the FRF may also be obtained directly from prior tests 
using the physical System 10 or other Systems Substantially 
similar to the physical system 10 
An inverse linear model H(f) is needed to determine the 

physical drive 17 as a function of the remote responses at 
step 60. As appreciated by those skilled in the art, the inverse 
linear model can be calculated directly. Also, the term 
“inverse” model as used herein includes a MXN “pseudo 
inverse” model for a non-square NxM system. 
At this point in the prior art, the method enters an iterative 

phase, illustrated in FIGS. 3B and 4A, to obtain drive 17 
which produces actual response 21 that ideally replicates the 
desired remote transducer response 22 (hereinafter “desired 
response”). The inverse physical system linear model H(f) 
is represented at 72, while physical System (vibration 
System, test Vehicle, remote transducers and 
instrumentation) is represented at 10. Referring to FIG. 3B, 
at step 78, the inverse linear model 72 is applied to a target 
response correction 77 in order to determine an initial drive 
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17X(t). The target response correction 77 can be the desired 
response 22 for the initial drive, though most often it is 
reduced by a relaxation gain factor 95. The calculated drive 
17 x(t) from the inverse linear model 72 is then applied to 
the physical system 10 at step 80. The actual remote 
transducer response 21 (hereinafter "actual response') y(t) 
of the physical system 10 to the applied drive 17 x(t) is then 
obtained at step 86. If the complete physical system 10 is 
linear (allowing a relaxation gain 95 of unity), then the 
initial drive 17 x(t) could be used as the required drive. 
However, Since physical Systems are typically nonlinear, the 
correct drive 17 has to be arrived at by an iterative process. 
(As appreciated by those skilled in the art, drive 17 used in 
previous tests for a similar physical System may be used as 
the initial drive.) 
The iterative process involves recording the first actual 

response y(t) resulting from the initial drive X(t) and 
comparing it with the desired response 22 and calculating a 
response error 89 Ay as the difference at step 88. (The first 
actual response signal y(t) is provided at 87 in FIG. 4A.) 
The response error 89 Ay is compared to a preselected 
threshold at step 90 and if the response error 89 exceeds the 
threshold an iteration is performed. Specifically the response 
error 89 Ay is reduced by the relaxation gain factor 95 to 
provide the new target response correction 77. In this 
embodiment, the inverse transfer function H(f) is applied 
to the new target response correction 77 to create a drive 
correction AX 94 (step 91) that is added to the first drive 
x(t) 17A to give a second drive X(t) 17 at step 92. The 
iteration process (steps 80-92) is repeated until the response 
error 89 is brought down below the preselected threshold on 
all channels of the response. The last drive 17, which 
produced a response 21, that was within the predetermined 
threshold of the desired response 22, can then be used to 
perform Specimen testing. 
As described, the response error 89 Ay is commonly 

reduced by the relaxation gain factor (or iteration gain) 95 to 
form the target response correction 77. The iteration gain 95 
Stabilizes the iterative process and trades off rate-of 
convergence against iteration overshoot. Furthermore, the 
iteration gain 95 minimizes the possibility that the test 
vehicle will be overloaded during the iteration process due 
to nonlinearities present in the physical System 10. AS 
appreciated by those skilled in the art, an iteration gain can 
be applied to the drive correction 94 Ax and/or the response 
error 89. It should be noted in FIG. 4A that storage devices 
38 can be used to store the desired response 22, the actual 
responses 21 and previous drives 17A during the iterative 
process. Of course, memory 34 can also be used. Also, a 
dashed line 93 indicates that the inverse linear model 72 is 
an estimate of the inverse of the physical system 10. The 
block diagram of FIG. 4A, as discussed above, can be 
implemented by those skilled in the art using commercially 
available Software modules Such as included with RPCIIITM 
from MTS Systems Corporation of Eden Prairie, Minnesota. 
At this point, a modified method of the prior art for 

calculating the drive can also be discussed. The modified 
prior art method includes the Steps of the identification phase 
illustrated in FIG. 3A and many of the steps of the iterative 
phase illustrated in FIG. 3B. For convenience, the iterative 
steps of the modified method are illustrated in FIG. 3C and 
the block diagram is illustrated in FIG. 4B. As illustrated in 
FIG. 4B, the calculation of the target response correction 77 
is identical. However, if the response error 89 between the 
actual response 21 and the desired response 22 is greater 
than a Selected threshold, then the target response correction 
77 is added to a previous target response 79A at step 97 to 
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obtain a new target response 79 for the current iteration. The 
inverse linear model 72 is applied to the target response 79 
to obtain the new drive 17. As illustrated in FIG. 4S, the 
iteration gain 95 can be used for the reasons discussed 
above. 
A further iterative method for calculating the drive is 

illustrated in FIGS. 3D and 4.C. As illustrated in FIG. 4C, a 
linear drive 96 is obtained by applying the inverse linear 
model 72 to the desired response 22. The linear drive 96 is 
used as a reference for comparison Similar to how the 
desired response 22 was used in the methods described 
above. Accordingly, the inverse linear model 72 is applied to 
the actual response 21 to obtain a drive estimate 98 (step 
101). If a drive error 99 between the drive estimate 98 and 
the linear drive 96 is greater than a selected threshold (step 
103), then the drive correction 94 is added to a previous 
drive 17A at step 105 to obtain a new drive 17 for the current 
iteration. As illustrated in FIG. 4B, the iteration gain 95 can 
be used for the reasons discussed above. 

FIG. 5 is another block diagram flow chart illustrating the 
prior art technique of obtaining the drive Signal for the 
system 10. In FIG. 5, like reference numbers have been used 
to identify similar elements as discussed above. “System 
identification” as described above with respect to FIG. 3A is 
shown generally at 100, while the iterative phase, described 
with respect to FIGS. 3B and 4A is illustrated generally at 
102. The iterative phase 102 sequentially corrects the drive 
signal 17 and applies it to the system 10 until the response 
error 89 is within the predetermined threshold of the desired 
response 22. The final iterated drive signal is obtained at 
104. Of course, a similar iterative phase corresponding to 
FIGS. 3C, 3D, 4B and 4C could also have been used to 
generate the final iterated drive signal 104. 

Using the format of FIG. 5, a first aspect of the present 
invention is illustrated in FIG. 6. Generally, FIG. 6 illustrates 
a method 120 to control the system 10 to produce a selected 
response, and in particular, to generate a Suitable drive signal 
to produce the selected response. The method 120 includes 
obtaining a nonlinear model 122 of the system 10 in a 
System identification 123 and using the nonlinear model 
122, rather than the system 10, during an iterative phase 124 
(executed within system controller 23 of FIG. 1) to calculate 
or generate the final drive signal 104 intended to produce the 
desired response 22. 
An exemplary method of system identification 123 is 

illustrated in FIG. 7, which includes steps 52-60 as dis 
cussed above wherein an inverse linear system model 72 
(e.g. inverse FRF) is obtained. System identification 123 
however, also includes a Step 126 that comprises calculating 
or generating the nonlinear System model 122. In general, 
the nonlinear System model 122 comprises a tapped delay 
line or Structure 123 and at least one nonlinear regression 
structure 125A. The tapped delay line 123 comprises a set of 
series connected delay elements 127 that provide a set of 
delayed inputs for each input drive signal (commonly digital 
values obtained at a selected Sampling frequency). In FIG. 6, 
one input drive Signal 129 is illustrated although in many 
applications a plurality of individual drive Signals are 
present, each drive signal being delayed by a corresponding 
tapped delay line to yield a corresponding Set of delayed 
inputs. Typically, a nonlinear regression Structure is pro 
vided for each output from the nonlinear model 122. In the 
embodiment illustrated, two regression Structures 125A and 
125B are shown and provide nonlinear model outputs 131A 
and 131B, respectively, but it should be understood that any 
number of nonlinear model outputs can be present. 
Likewise, although three delay elements 127 are shown any 
number of delay elements 127 can be used for each drive 
Signal. 
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In one embodiment, the nonlinear regression Structure 

125A and 125B each comprises a neural network. Regres 
sion structures 125A and 125B are means for regression 
modeling. In place of the neural network other forms of 
regression structures (or means for regression modeling) 
Such as “nearest neighbors”, “Support vector machines', 
“projection pursuit”, “multiple adaptive regression Spines', 
“hinging hyperplanes”, “radial basis functions’ “constrained 
topological mapping, etc. can also be used. Calculation of 
nonlinear regression models is well known in the art. For 
instance, Software programs Such as MATLAB, Neural 
Network Toolbox available from The Mathworks, Inc. of 
Natick, Mass. can be used to calculate a neural network 
based on the random drive and response of the system 10 to 
the drive obtained at step 56 in FIG. 7. 
Of course other drive Signals besides a random drive can 

be applied to the system 10 used to calculate the inverse 
linear model 72 and/or the nonlinear system model 122. For 
instance, Synthetic random Signals having a prescribed 
power Spectrum can be used. Random Signals obtained from 
previous tests on the same or Similar test System can also be 
used. Random Signals obtained by use of preliminary System 
models (i.e. analytic/computer models or equations repre 
Senting the dynamics of the test System) can also be used. 
Furthermore, multiple channel random input signals may be 
Statistically correlated or uncorrelated (i.e. “orthogonal'). 

It should also be noted that the nonlinear model 122 need 
not correspond to the system 10 for which drive signals are 
ultimately intended. In other words, the nonlinear model 122 
may be generated using drive and response signals from test 
System A, wherein the nonlinear model 122 may be then 
used to generate drive signals for test System B, which 
differs from test System A in Specimen, test rig, or both. 
However, the greater the Similarity between test Systems. A 
and B, the better the results, in general. 
The nonlinear system model 122 is a “forward model” 

that models the system 10. The nonlinear system model 122 
is then used during the iterative phase 124, rather than the 
System 10, to iterate to the drive signal which realizes a 
response within a predetermined threshold of the desired 
response 22. FIG. 8A illustrates in block diagram form, the 
iterative phase 124 wherein a response error 89 and drive 
corrections 94 are used during the iterative process. If 
desired, the iterative phase 124 can be of the form where the 
response error 89 and target response corrections 77 are 
used, which is illustrated in FIG. 8B. Likewise, the iterative 
phase 124 can be of the form where the drive error 99 and 
drive corrections 94 are used, as illustrated in FIG. 8C. 

Referring back to FIG. 6, in many cases, the final drive 
104 obtained at the end of the iterative phase 124 is 
Sufficiently accurate to obtain Substantially the desired 
response 22 when applied to the system 10. However, if 
desired, conventional iteration can be performed as 
described above with respect to FIGS. 3B, 3C, 5D, 4A, 4B 
and 4C, which is generally illustrated at 130, to further refine 
the final drive signal 104. Likewise, if desired, the nonlinear 
system model 122 can be modified by further training, 
followed by more model iterations. 
AS appreciated by those skilled in the art, the inventive 

method described above substantially reduces the number of 
drive signals applied to the system 10 in order to obtain the 
appropriate drive Signal to generate the desired response 22. 
Accordingly, wear and/or possible damage to the System 10 
is Substantially reduced. 

It should be noted that the inverse linear system model 72 
can be obtained using any of the following techniques. AS 
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illustrated in FIGS. 6 and 7, a forward linear model can be 
calculated using the same drive and response as those used 
for calculating the nonlinear system model 122, followed by 
inversion using conventional techniques. 

Alternatively, the inverse linear System model 72 can also 
be obtained by re-identification of the forward linear model, 
wherein a prescribed drive Signal is applied to the nonlinear 
System model 122, obtaining the Subsequent response, and 
then calculating the forward linear model by conventional 
techniques. The forward linear model can then be inverted 
using conventional techniques. This approach offers the 
possibility of using a drive signal with characteristics dif 
ferent than those used for the nonlinear System model. 

In yet another method, direct calculation of the forward 
linear model can be obtained by linearization of the nonlin 
ear model equations, followed by conventional inversion. 

The inverse linear model 72 can also be obtained directly 
without first calculating the forward linear model. For 
instance, calculation of the inverse linear model 72 can be 
performed directly using the same drive and response as 
those used for the nonlinear System model 122. In addition, 
the inverse linear model 72 can be re-identified by playing 
a prescribed drive Signal into the nonlinear System model 
122 and obtaining the Subsequent response. The inverse 
linear model 72 can then be obtained by conventional 
techniques. Again, this approach offers the possibility of 
using a drive signal with characteristics different than those 
used for obtaining the nonlinear System model 122, which 
may be desirable for Some desired responses. Also, the 
inverse linear model 72 can be directly calculated by lin 
earization of equations in an inverted nonlinear System 
model. 

The inverse linear model 72 described with respect to the 
method of FIG. 6 was static (i.e. non-changing values). 
However, adjustments to the inverse linear model 72 can 
also be made during the iteration phase as described in 
co-pending application Ser. No. 09/234,998, entitled, 
“METHOD AND APPARATUS FOR GENERATING 
DRIVE SIGNALS IN A VIBRATION TEST SYSTEM”, 
filed Jan. 21, 1999, and incorporated herein by reference in 
its entirety. 
A Second and Separate aspect of the present invention is 

illustrated in FIGS. 9 and 10 and also is a method 140 of 
controlling a test System responsive to a drive Signal to 
produce a selected response. Referring to FIGS. 9 and 10, 
the method 140 includes a system identification process 144 
(FIG.9) wherein a test drive signal 142 (FIG. 9) is applied 
to the system 10 at step 150 (FIG. 10). A subsequent 
response 148 of the system 10 to the test drive signal 142 is 
then obtained at step 152. Using the test drive signal 142 and 
Subsequent response 148, an inverse nonlinear System model 
154 (similar in structure to nonlinear model 122) is calcu 
lated at step 156. By applying the selected or desired 
response 22 to the inverse nonlinear System model 154, a 
final drive signal 158 is calculated. In view that the inverse 
nonlinear System model 154 was calculated and used to 
obtain the final drive signal 158, the model 154 more 
accurately models the system 10 than that which was 
obtainable from the linear System models, discussed above. 
In many cases, the final drive signal 158 is sufficiently 
accurate So that further iterations need not be necessary. 
However, if desired, iterative refinement of the drive signal 
158 can be calculated using the inverse nonlinear System 
model 154 in a manner similar to that discussed above. 

It should also be noted that iterative processing can take 
the form of any of the techniques discussed above, with 
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respect to FIGS. 3B, 3C, 3D, 4A, 4B and 4.C. Specifically, 
drive corrections can be obtained from the inverse nonlinear 
System model or from the inverse linear model as used in the 
prior art. Alternatively, target response corrections can be 
applied to the inverse linear system model 154 wherein the 
new drive signal is obtained therefrom. 

In many instances, the desired response 22 is prerecorded 
so the final drive 158 can be calculated by application of the 
inverse nonlinear system model 154 to the desired response 
22 without regard to how long processing might take. The 
final drive 158 can then be stored and applied to the system 
10 as desired. However, in another embodiment, the non 
linear system model 154 can be suitably stored and accessed 
by a controller (e.g. computer or digital signal processor) for 
real time processing. In this manner, the desired response 22 
can be an input to the controller wherein the controller 
calculates the drive for the system 10 using the nonlinear 
system model 154 on a real time basis in order that the 
System 10 Subsequently produces the desired response as the 
actual response. This allows testing of the test Specimen 
without first recording a desired response. 
AS indicated above, the nonlinear System model 122 and 

the inverse nonlinear system model 158 can be generated 
using a number of nonlinear modeling techniques. One 
particularly useful technique is a neural network. 

FIG. 11 illustrates training of a neural network structure 
160 for an inverse model. For purposes of simplification, a 
Single input/Single output embodiment is illustrated. A 
physical System response 162 is provided to a tapped delay 
line 164 having a series of connected delay elements 166 
that provide a plurality of delayed model inputs 168 to the 
neural network structure 160. A physical system drive 172 is 
used as the model output. If desired, the output 172 can be 
provided to a tapped delay line 174 having the Series 
connected delay elements 166 to form a plurality of addi 
tional delayed model inputs 178 to the neural network 
structure 160. As appreciated by those skilled in the art, the 
number of delay elements 166 present in the tapped delay 
line 164 and the tapped delay line 174 can be chosen 
independently. The neural network structure 160 is a well 
known multilayer perceptron network type wherein the 
number of hidden layers, the number of neurons in each 
hidden layer, and the number of inputs and the number of 
outputs can be chosen independently. In addition, the form 
of the activation functions present in the neural network 
structure 160 can take well-known forms such as hyperbolic 
tangent and logistic Sigmoid, to name a few. 

In the embodiment illustrated in FIG. 11, an inverse 
neural network model is created wherein the model input 
comprises a physical System response and the model output 
comprises a physical System drive. Forward neural network 
models. Such as used in the embodiment described above 
with respect to FIG. 6 can be similarly developed. FIG. 12 
illustrates training of a forward neural network model 
wherein the input 162 comprises the physical System drive 
and the output 172 comprises the physical System response. 
AS discussed above, multiple input/multiple output mod 

els can be created. Typically, a nonlinear System model, Such 
as the neural network structure 160, is formed for a multiple 
input/Single output application wherein a complete neural 
network model having multiple outputS is formed from a 
plurality of neural network Structures, each providing a 
Separate output as a function of a plurality of inputs. 
Although known methods for generating nonlinear 

models, Such as generation of a neural network model as 
described above can be used in the aspects of the present 
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invention discussed above, an improved method for nonlin 
ear model generation is illustrated in FIG. 13. However, it 
should be understood that the method of FIG. 13 is not 
confined to use in modeling a vibration System in order to 
obtain Suitable drive signals intended to produce a desired 
response, but rather, can be used to generate a nonlinear 
model of any physical System (e.g. a manufacturing process, 
a complex machine, a component Such as a shock absorber, 
etc.) comprising one or more inputs and one or more outputs. 
Accordingly, the method of FIG. 13 constitutes a third and 
Separate broad aspect of the present invention. 

In FIG. 13, a physical system 200 receives one or more 
original System input Signals at 202 and provides one or 
more first system output signals 204. The improved method 
of nonlinear model generation includes using the original 
System input signals 202 and the first System output signals 
204 in a conventional linear model generation process 205, 
Such as a FRF model generation process to generate a linear 
system model 210 (in either a forward or inverse model 
application). 
An alternative input signal(s) 209 is then applied to the 

linear system models 210 and a linear output prediction 212 
(corresponding generally to the first output System signal(s) 
204) is obtained therefrom. The alternative input signal(s) 
209 is also applied to the physical system 200 and a second 
System output Signal 211 is obtained. The alternative input 
Signal(s) 209, the Second System output signal 211 and the 
corresponding linear output prediction 212 are then used in 
a nonlinear model generation process 213 (e.g. neural net 
work modeling as discussed above) to generate a nonlinear 
system model 216 (in either a forward or inverse model 
application). Unlike conventional nonlinear modeling 
generation, which forms a nonlinear System model as a 
function of only the alternative input signal(s) 209 and the 
Second output Signal 211, the nonlinear System model 216 
obtained is also a function of the corresponding linear 
response prediction 212. If the input signal(s) 202 is Subse 
quently applied to the nonlinear System model 216, a non 
linear response prediction 218 accurately resembles the 
output Signal 204, thereby verifying that the nonlinear 
System model 216 accurately models the physical System 
200. 

In the embodiment illustrated, the Separate input signals 
202 and 209 have been used to generate the linear system 
model 210 and the inverse linear system model 216; 
however, as appreciated by those skilled in the art, the same 
input signals can be used This method is illustrated in FIG. 
14. 

Although the present invention has been described with 
reference to preferred embodiments, workerS Skilled in the 
art will recognize that changes may be made in form and 
detail without departing from the Spirit and Scope of the 
invention. 
What is claimed is: 
1. A method of controlling a test System responsive to a 

drive signal to produce a Selected response Signal, the 
method comprising: 

(a) applying a drive signal to the System; 
(b) obtaining a response signal of the System to the drive 

Signal; 
(c) generating a nonlinear System model using the drive 

Signal and the response Signal; 
(d) generating an inverse linear System model; 
(e) calculating a test drive signal using the Selected 

response Signal and the inverse linear System model; 
(f) applying the test drive signal to the nonlinear System 

model; 
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(g) obtaining an actual response Signal of the nonlinear 

System model to the test drive Signal; 
(h) calculating an error as a function of the actual response 

Signal and the Selected response Signal; 
if the error exceeds a selected threshold: 

(i) obtaining a new drive signal ; and 
() repeating Steps (f) through (i) wherein the test drive 

Signal is the new drive signal until the error is less 
than or equal to the Selected threshold; and 

(k) applying the test drive signal resulting from Steps 
(e) or (i) to a test System. 

2. The method of claim 1 wherein obtaining a new drive 
comprises: 

calculating a target response Signal correction; 
calculating a drive correction using the inverse linear 

System model; and 
combining the drive correction with a previous test drive 

Signal to obtain a new test drive Signal. 
3. The method of claim 1 wherein obtaining a new drive 

comprises: 
calculating a target response Signal correction; 
combining the target response Signal correction with a 

previous target response Signal; and 
using the inverse linear System model to obtain the new 

drive. 
4. The method of claim 1 wherein generating the inverse 

linear System model comprises: 
generating a forward linear System model using the drive 

Signal of Step (a) and the response signal of step (b); 
and 

calculating the inverse linear System model from the 
forward linear system model. 

5. The method of claim 1 wherein generating the inverse 
linear System model comprises: 

applying a Selected drive Signal to the nonlinear System 
model; 

obtaining a resultant response Signal from the nonlinear 
System model; 

generating a forward linear System model using the 
Selected drive signal and the resultant response Signal; 
and 

calculating the inverse linear System model from the 
forward linear System model. 

6. The method of claim 1 wherein generating the inverse 
linear System model comprises: 

linearizing equations of the nonlinear System model to 
obtain a forward linear System model; and 

calculating the inverse linear System model from the 
forward linear System model. 

7. The method of claim 1 wherein generating the inverse 
linear System model comprises: 

generating the inverse linear System model using the drive 
Signal of Step (a) and the response signal of Step (b). 

8. The method of claim 1 wherein generating the inverse 
linear System model comprises: 

applying a Selected drive Signal to the nonlinear System 
model; 

obtaining a resultant response Signal from the nonlinear 
System model; and 

generating the inverse linear System model using the 
Selected drive Signal and the resultant response Signal. 

9. The method of claim 1 and further comprising: 
calculating a linear System model and a response Signal 

from the linear System model; and 
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wherein generating the nonlinear System model includes 
using the response signal from the linear System model. 

10. The method of claim 9 wherein obtaining the response 
Signal from the linear System model includes applying an 
alternative input signal different than the first-mentioned 
drive Signal. 

11. A method of controlling a test System responsive to a 
drive signal to produce a Selected response Signal, the 
method comprising: 

(a) applying a drive signal to the System; 
(b) obtaining a response signal of the System to the drive 

Signal; 
(c) generating an inverse nonlinear System model using 

the drive signal and the response Signal; 
(d) applying the Selected response Signal to the inverse 

nonlinear System model to obtain a final drive Signal; 
and 

(e) applying the final drive signal to the System. 
12. The method of claim 11 wherein generating the 

inverse nonlinear System model includes: 
training a neural network using the drive signal and the 

response Signal. 
13. The method of claim 11 and further comprising: 
calculating a linear System model and a response Signal 

from the linear System model; and 
wherein generating the inverse nonlinear System includes 

using the response signal from the linear System model. 
14. The method of claim 13 wherein obtaining the 

response Signal from the linear System model includes 
applying an alternative input signal different than the first 
mentioned drive Signal. 

15. The method of claim 14 wherein the selected drive 
Signal corresponds to the first-mentioned drive signal. 

16. The method of claim 14 wherein the selected drive 
Signal does not correspond to the first-mentioned drive 
Signal, and wherein generating the inverse nonlinear System 
model includes using the Selected drive. 

17. A method of obtaining a non-linear system model of 
a System, the method comprising: 

(a) applying an original input to the System and obtaining 
a first System output from the System; 

(b) generating a linear System model using the original 
input and the first System output; 

(c) applying an alternative input to the linear System 
model and obtaining a linear System output from the 
linear System model; and 

(d) applying the alternative input to the System and 
obtaining a Second System output from the System; 

(e) generating a nonlinear System model using the alter 
native input, the Second System output from the System 
and the linear System output from the linear System 
model. 

18. The method of claim 17 wherein the original input and 
the alternative input are the same. 

19. The method of claim 17 wherein the nonlinear system 
model comprises a forward nonlinear System model and 
wherein the inputs comprise drive signals and the outputs 
comprise response Signals. 

20. The method of claim 17 wherein the nonlinear system 
model comprises an inverse nonlinear System model and 
wherein the inputs comprise response Signals and the out 
puts comprise drive signals. 

21. A vibration System for testing a test Specimen, the 
Vibration System comprising: 

an actuator System couplable to the test Specimen; a Servo 
controller coupled to operate the actuator System; 
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a transducer for measuring a response due to operation of 

the servo controller; 
a System controller providing a drive signal to the Servo 

controller and receiving a response signal from the 
transducer due to operation of the Servo controller, the 
System controller having means for generating, Storing 
and using a nonlinear System model of the test 
Specimen, the actuator System and the Servo controller 
to generate drive signals that when applied to the Servo 
controller Suitably replicate a Selected response Signal 
from the test Specimen. 

22. The vibration system of claim 21 wherein the non 
linear System model comprises a forward nonlinear System 
model. 

23. The vibration system of claim 22 wherein the means 
for generating, Storing and using the forward nonlinear 
System model to generate the drive signal comprises means 
for iteratively applying drive signals to the forward nonlin 
ear System model. 

24. The vibration system of claim 21 wherein the non 
linear System model comprises an inverse nonlinear System 
model. 

25. The vibration system of claim 21 wherein the non 
linear System model comprises a regression Structure and a 
tapped delay line providing a Set of inputs to the regression 
Structure. 

26. A computer readable medium including instructions 
readable by a computer, which when implemented, cause the 
computer to control a physical System responsive to a drive 
Signal to produce a Selected response Signal, the instructions 
performing Steps comprising: 

(a) applying a drive signal to the System; 
(b) obtaining a response signal of the System to the drive 

Signal; 
(c) generating a nonlinear System model using the drive 

Signal and the response Signal; 
(d) generating an inverse linear System model; 
(e) calculating a test drive signal using the Selected 

response Signal and the inverse linear System model; 
(f) applying the test drive signal to the nonlinear System 

model; 
(g) obtaining an actual response Signal of the nonlinear 

System model to the test drive Signal; 
(h) calculating an error as a function of the actual response 

Signal and the Selected response Signal; 
if the error exceeds a selected threshold: 

(i) obtaining a new drive signal; and 
() repeating Steps (f) through (i) wherein the test drive 

Signal is the new drive signal until the error is less 
than or equal to the Selected threshold; and 

(k) applying the test drive signal resulting from Steps 
(e) or (i) to a test System. 

27. The computer readable medium of claim 26 and 
further comprising instructions for: 

calculating a linear System model and a response Signal 
from the linear System model; and 

wherein generating the inverse nonlinear System includes 
using the response signal from the linear System model. 

28. The computer readable medium of claim 27 wherein 
obtaining the response Signal from the linear System model 
includes applying an alternative input signal different than 
the first-mentioned drive signal. 

29. A computer readable medium including instructions 
readable by a computer, which when implemented, cause the 
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computer to control a physical System responsive to a drive 
Signal to produce a Selected response Signal, the instructions 
performing Steps comprising: 

(a) applying a drive signal to the System; 
(b) obtaining a response signal of the System to the drive 

Signal; 
(c) generating an inverse nonlinear System model using 

the drive signal and the response Signal; 
(d) applying the Selected response Signal to the inverse 

nonlinear System model to obtain a final drive Signal; 
and 

(e) applying the final drive signal to the System. 
30. The computer readable medium of claim 29 and 

further comprising instructions for: 
calculating a linear System model and a response Signal 

from the linear System model; and 
wherein generating the inverse nonlinear System includes 

using the response signal from the linear System model. 
31. The computer readable medium of claim 30 wherein 

obtaining the response Signal from the linear System model 
includes applying an alternative input signal different than 
the first-mentioned drive signal. 

32. A computer readable medium including instructions 
readable by a computer, which when implemented, cause the 
computer to obtain a non-linear System model of a System, 
the instructions performing StepS comprising: 

1O 
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(a) applying an original input to the System and obtaining 

a first System output from the System; 
(b) generating a linear System model using the original 

input and the first System output; 
(c) applying an alternative input to the linear System 

model and obtaining a linear System output from the 
linear System model; and 

(d) applying the alternative input to the System and 
obtaining a Second System output from the System; 

(e) generating a nonlinear System model using the alter 
native input, the Second System output from the System 
and the linear System output from the linear System 
model. 

33. The computer readable medium of claim 32 wherein 
the original input and the alternative input are the Same. 

34. The computer readable medium of claim 32 wherein 
the nonlinear System model comprises a forward nonlinear 
System model and wherein the inputs comprise drive signals 
and the outputs comprise response Signals. 

35. The computer readable medium of claim 32 wherein 
the nonlinear System model comprises an inverse nonlinear 
System model and wherein the inputs comprise response 
Signals and the outputs comprise drive Signals. 
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